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Herbivory is strongly influenced by different sources of plant variation, from traits such as secondary metabolites to features associated with populationand community-level variation. However, most studies have assessed the influence of these drivers in isolation. We conducted a large-scale study to evaluate the associations between multiple types of plant-based variation and insect leaf herbivory in alder (Alnus glutinosa) trees sampled in riparian forests throughout northwestern Spain. We assessed the associations between insect leaf herbivory and alder mean production of leaf secondary metabolites ( phenolic compounds), variation among neighbouring alder trees in leaf phenolics and community-related features including alder relative size and frequency and tree species phylogenetic diversity. Structural equation modelling indicated that increasing concentrations of alder leaf flavonoids (but not other types of phenolic compounds) and increasing variation in phenolics among neighbouring alders were both significantly negatively associated with herbivory. In addition, increasing relative frequency of alder was positively associated with leaf damage, whereas the size of alders relative to other trees and phylogenetic diversity were not significantly associated with herbivory. These results demonstrate the concurrent and independent influences of different sources of plant-based variation on insect herbivory and argue for further future work simultaneously addressing multiple plant-based bottom-up controls.
Introduction
It has long been recognized that quantitative and qualitative variation in secondary metabolites plays a key role in shaping insect herbivore loads and damage levels [1] . At the same time, it also well known that features of plant populations (e.g. conspecific density) and communities (e.g. species diversity) strongly influence herbivory [2] . The Resource Concentration Hypothesis [3] posits that as the frequency of a focal species decreases with increasing community diversity, the ability of specialist insects to locate host plant patches will diminish (i.e. associational effects [2] ). Likewise, plants that are easier to find either because they are larger in size, more abundant or long-lived (i.e. more apparent) are expected to experience higher levels of damage [4, 5] .
Plant secondary metabolites and population-and community-level features likely exert concurrent influences on herbivory. For instance, stronger competition by neighbours on focal plants in denser patches may influence defences if plants & 2018 The Author(s) Published by the Royal Society. All rights reserved.
allocate preferentially towards growth to avoid being outcompeted (e.g. [6] ), and plant species diversity may influence secondary metabolite concentrations through changes in the abiotic environment (e.g. light availability) and in doing so indirectly affect herbivory on focal plants [2] . However, efforts to simultaneously address these multiple features under a single study remain scarce, leading to a potentially biased or incomplete understanding of bottom-up controls on herbivory. Recent work has, on the one hand, looked at the effects of plant secondary metabolites on herbivory at the community level using community-weighted trait means (e.g. [7] ), and on the other correlated plant intra-or interspecific chemical diversity and composition with herbivory (e.g. [8] ). Still, the former approach does not allow separation of the independent effects of plant traits related to herbivore resistance at the community level versus other community-related attributes such as species diversity and species relative frequencies, whereas the latter approach in plant diversity studies has usually not separated effects of plant chemistry from other community-level variables (but see [7] ). It is therefore not possible to ascertain whether variation in plant secondary metabolites mediates plant population and community effects on herbivory or if these higher-order effects take place independently of plant secondary metabolites via some other mechanisms.
Here we assessed plant secondary metabolites ( phenolic compounds), population-and community-related factors potentially associated with insect leaf herbivory on alder, Alnus glutinosa (Betulaceae), a dominant tree in riparian habitats throughout northern Spain. Specifically, we tested for associations between insect herbivory and mean alder tree-level phenolics, variation among neighbouring alder trees in phenolics, alder relative size and frequency and tree species phylogenetic diversity. This study therefore provides a unifying evaluation of the relative importance of multiple bottom-up factors associated with herbivory in a tree species structuring an endangered and biodiverse habitat.
Material and methods (a) Natural history
The European black alder A. glutinosa is a fast-growing deciduous tree native to most of Europe and is a dominant species in riparian forests. At our field sites (Galicia, northern Spain), it is attacked mainly by the specialist alder leaf beetle Agelastica alni (Coleoptera: Chrysomelidae) and the alder moth Acronicta alni (Lepidoptera: Noctuidae) (see electronic supplementary material, appendix A for details).
(b) Field sites
From late September to mid-October 2017, we surveyed six riparian forest sites in Galicia with similar climatic conditions. Distance between sites ranged from 4 to 46 km. Alder is dominant in riparian habitats of this region, representing ca. 60% of the individuals sampled at our field sites. At each site, we established a 1.1 km transect parallel to the river along which we sampled 10 plots, each 20 Â 8 m (long side parallel to the river), separated by 100 m (60 plots total).
(c) Insect herbivory
Within each plot, we quantified insect leaf herbivory for all alder trees with diameter at breast height greater than 4 cm. The number of sampled alder trees per plot ranged from 4 to 15 and was on average (+s.d.) 7.68 + 0.32. We randomly selected two low-hanging branches (2-3 m from the ground) of each alder tree and collected 10 leaves per branch. For each leaf, we visually estimated per cent leaf area removed by chewers ('leaf herbivory' hereafter [4] ) (see electronic supplementary material, appendix B) and then averaged values across all leaves per branch and across branches to obtain a single value per tree. We used the mean value across trees per plot for analyses (electronic supplementary material, table SM1).
(d) Bottom-up factors associated with insect herbivory
Phenolic compounds have been reported to confer resistance against leaf herbivores in A. glutinosa [9] . Within each plot, we collected four fully expanded leaves per alder tree from the same branches sampled for herbivory. To be consistent, we collected all leaves growing under shaded conditions between 09.00 and 13.00 h. We collected leaves with little (less than 5%) or no herbivory to minimize variation in phenolics due to site-specific induction. Leaf samples were oven-dried for 48 h at 408C, ground, and pooled into a single sample per tree for chromatographic analyses using an ultra-high-performance liquid chromatograph (see electronic supplementary material, appendix C for details). We quantified flavonoids as rutin equivalents, condensed tannins as catechin equivalents, hydrolysable tannins as gallic acid equivalents and lignins as ferulic acid equivalents. Total phenolics were calculated as the sum of concentrations for all four groups and expressed in milligrams per gram of tissue on a dry weight basis.
We assessed associations between insect herbivory and phenolics in two ways: (a) using the mean value across alder trees per plot for each group of phenolic compounds, which measures the association between mean tree-level production of phenolic compounds and insect herbivory at the plot level (electronic supplementary material, table SM1), and (b) using the amount of total phenolics per alder tree relative to the total amount of phenolics summed across all alder trees per plot, and transforming these values to proportions for each tree to calculate the ShannonWiener Index for each plot (electronic supplementary material, table SM1). Higher values of this latter measure reflect a greater number of individuals contributing more similarly to the total (summed) amount of phenolics per plot (hereafter 'conspecific diversity in total phenolics'). Thus, while this variable is necessarily correlated with alder abundance or relative frequency, it also accounts for variation in relative defence levels among alder trees (i.e. evenness in phenolic levels) which may contribute independently to variation in herbivory.
By documenting the identity and size of all trees with diameter greater than 4 cm, for each plot we also calculated alder relative frequency (number of alder individuals/total number of individuals of all species), alder relative size (size of alder trees relative to mean size of heterospecifics) and the phylogenetic diversity (see electronic supplementary material, appendix B for details on calculations). Finally, we estimated forest canopy cover by taking five digital photographs per plot and measuring the percentage of canopy cover for each photograph (electronic supplementary material, appendix B).
(e) Statistical analyses
We used structural equation modelling (SEM) to investigate direct associations between alder insect herbivory and individual-level phenolics (mean tree-level concentration of flavonoids, lignins, condensed and hydrolysable tannins), alder conspecific diversity in total phenolics, alder relative size and frequency and phylogenetic diversity using data at the plot level. We also included in the model direct associations between canopy cover and each group of phenolics and on conspecific diversity in total phenolics, as well as direct and indirect (via phenolics) associations between plant cover and herbivory (see rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180281 electronic supplementary material, appendix D for details). Although the plot sample size was moderately large, it is important to note that it was still rather limited for conducting SEMs for which 10 -20 times as many replicates as variables in the model is recomended. We therefore excluded some direct associations (following criteria informed by preliminary analyses; see electronic supplementary material, appendix D) and focused on the previously described 'core' associations of interest justified based on the study goals as well as relevant patterns reported by previous work in other systems. We ran this SEM model retaining significant coefficients as well as non-significant coefficients that improved model fit. This reduced model had a better fit (lower AICc) than the full model including all non-significant effects. All four groups of phenolic compounds and conspecific diversity in total phenolics were not normally distributed and therefore log-transformed to satisfy this assumption. The analysis was run using PROC CALIS and the RAM statement in SAS 9.4 (SAS System, Cary, NC).
Results
Results from the structural equation model indicated a significant negative association between flavonoids and leaf herbivory; all other groups of leaf phenolics were not significantly associated with leaf herbivory (figure 1). We also found a significant negative association between alder conspecific diversity in total phenolics and leaf herbivory, as well as a significant positive association between alder relative frequency and leaf herbivory (figure 1). However, neither alder relative size (not retained in the model) or phylogenetic diversity were significantly associated with leaf herbivory ( figure 1 ). There were also significant negative associations between canopy cover and mean tree-level values of all the groups of phenolic compounds, and there was a significant indirect association (mediated by mean tree-level phenolic compounds) between canopy cover and leaf herbivory, but no direct association between cover and insect damage (figure 1).
Discussion
Mean tree-level concentration of leaf flavonoids was strongly negatively associated with leaf herbivory on alder trees, indicating a role of these compounds in herbivore resistance. Previous studies have demonstrated that these phenolic compounds act as feeding deterrents, digestibility reducers and toxins across many plant taxa [1] , but to our knowledge, there are no previous reports on the influence of flavonoids on insect herbivory for A. glutinosa. Interestingly, we ran additional linear mixed models at the plant level (controlling for plot and site) testing separately for associations between each group of phenolics and herbivory (see electronic supplementary material, table SM2) and found no significant effect of flavonoids. This suggests that associations between these compounds and insect herbivory are scale-dependent and potentially underlain by different mechanisms in each case.
Our measure of diversity of phenolic levels among neighbouring alder trees was also negatively associated with leaf herbivory in alder trees, suggesting that an increasing number of similarly defended conspecific trees reduces plot-level leaf damage. This pattern could contribute to explain effects of plant intra-specific diversity paralleling those reported previously for interspecific diversity (e.g. via associational resistance) in secondary metabolites [8] as well as interspecific variation in nutritional traits [10] . Many of these studies, particularly those focusing on the diversity of chemical defences, have found negative effects of locally occurring interspecific variation in composition or diversity of compound types on rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180281 herbivory. Our measure of intra-specific diversity, however, relates to variation in overall defence levels (i.e. production or concentration) among conspecific trees. Interestingly, the fact that diversity in defence levels was significantly associated with herbivory after accounting for alder relative frequency suggests that the former dictated herbivory mainly through differences in defence levels among alder trees (rather than through differences in alder abundance). This interpretation should, however, be taken with caution considering that alder relative frequency and diversity in phenolic levels were strongly positively correlated because Shannon index values account for alder abundance, and this could have limited our ability to tease apart the effects of these predictors.
The positive association between leaf herbivory and alder relative frequency agrees with theoretical expectations that reductions in the frequency of focal species lead to a concomitant decrease in encounter rates between specialist herbivores and their host plants [3] . Further, by considering plant secondary metabolites, we were able to separate the effects of alder relative frequency from those of individual groups of phenolic compounds. By contrast, previous work testing for resource concentration effects has usually not measured plant defences. Accordingly, we show that these factors exhibit concurrent and independent associations with herbivory. Alder relative size, on the other hand, was not associated with herbivory, suggesting that processes such as physical or chemical interference by heterospecifics were of lesser importance in influencing alder herbivory. In addition, contrary to previous reports of negative effects of phylogenetic diversity on herbivory in trees (e.g. [11] ), we found no association between this factor and alder herbivory. It is likely that the effects of plant diversity on specialist insects are strongly mediated by changes in the relative frequency of focal host species, as any associated species would be seen as non-host [12] .
There are several key aspects to consider in future alder work which are relevant to other systems. First, multiple types of chemical (e.g. terpenes) and physical (e.g. trichomes, toughness) traits, as well as nutrients (e.g. nitrogen and phosphorus), should be considered to better characterize the plant's defensive phenotype. Second, separating damage by generalist and specialist insects would allow the competing explanations for the observed patterns to be tested. Third, a characterization of herbivory under a broader range of conditions and habitat types would be valuable. To the extent, that generalist insects are important under some conditions, measuring secondary metabolites for the other dominant tree species would be desirable to test for effects of interspecific chemical variation. Fourth, a better characterization of the abiotic environment and its direct and indirect effects (e.g. via effects on plant traits) on herbivory is necessary to fully integrate the observed findings. Overall, we consider that future work that simultaneously accounts for multiple sources of plant intra-and interspecific drivers will improve our understanding of bottom-up controls on herbivory.
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